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I . INTRODUCTION
Helicon waves in gaseous plasma were first observed by Lehane and Thonemann [1] and later studied extensively by Boswell [2] , who pointed out that high density plasmas could be produced by helicon wave excitation with radiofrequency generators in the kilowatt regime. The reason for the high ionization efficiency of helicon discharges is not yet definitively known, though collisionless mechanisms, such as Landau and cyclotron damping, have been suggested by Chen [3] and Harvey and Lashmore-Davies [4] , respectively. Helicon discharges have been suggested for semiconductor processing by Perry et al. [5] , Nakano et al. [6] , and Chen [7] ; for gas laser excitation by Zhu and Boswell et al. [8] ; for plasma accelerators by Chen [9] ; and for plasma injection into toroidal confinement devices by Leowenhardt et al. [10] .
To verify that helicon waves are indeed excited in rf discharges of this type, various workers have measured the wave fields with magnetic probes [2, 11] . Comparison with theory, however, was inexact, since the theory was done for uniform plasmas whereas the plasmas had radially varying densities. Recently, Chen et al. [12] gave a method for computing the wave profiles for arbitrary density profiles with azimuthal symmetry, and this permitted the measurements in the present study to be compared with relevant theoretical curves.
Helicon waves are low-frequency whistler waves, which are well known to propagate with only right-hand circular polarization in free space. When bounded by a cylinder, however, these electromagnetic waves develop a large electrostatic component, and this allows them to have either right-or left-hand polarization and, therefore, plane polarization as well.
Boswell et al. [2] have used straight antennas, which correspond to plane polarization; and Shoji et al. [11] have used left and right helical antennas, which correspond to circular polarization. In the data presented in Sec. III, we have compared all three types of antennas, with the unexpected result that right-hand polarization is preferentially excited by all of them. This discrepancy is discussed in Sec. IV.
2
II . SUMMARY OF THEORY
Consider a cylindrical plasma with a radially varying density profile immersed in a coaxial static magnetic field B z 0 $ . Let the first-order wave quantities vary as exp[i(mθ + kzωt)]. Thus, an azimuthal mode number m of +1 or -1 will correspond to a global right (+) or left (-) hand rotation of the wave pattern with respect to the static magnetic field. When the frequency ω lies far from both the ion and electron cyclotron frequencies, the ions motions can be neglected, and the electrons can be treated in the guiding center approximation. The only current in the plasma is then carried by the electron E × × B drift:
(the subscript on wave quantities has been suppressed). This current is used in Maxwell's
to give [12] the following dispersion relation for the $ z component of the wave magnetic field,
where ' r = ∂ ∂ and
The other components of the wave magnetic field are given by [12] 
Let p(r) be the normalized density profile and α 0 the maximum value of α (at r = 0), so that
Eq. (5) is integrated numerically for given p(r), and the eigenvalue α 0 is adjusted until the boundary condition 12 B r = 0 is satisfied, where B r is given in terms of B z by Eq. (11). The profile factor p(r) can be an analytic function or a polynomial fit to experimental data. This procedure requires that the parallel wavenumber k be known; in this paper we have assumed it to be twice the antenna length. 
the patterns for m = ±1 remain unchanged in time or space, and simply rotate in the ±θ direction, respectively, in time at a fixed position z, and in the direction as z increases at a given time. The symmetric m = 0 mode, on the other hand, changes its field pattern so that the wave electric field goes from purely electromagnetic to purely electrostatic in every half wavelength [3] . 
III. EXPERIMENTAL ARRANGEMENT
The experimental apparatus is shown in Fig. 3 . Plasma density was measured with ion saturation current to Langmuir probes at all of the radial access flanges. The probes were calibrated against microwave interferometry. Table I lists the relevant parameters. The antenna is located near one end of the machine. Though it launches waves in both directions, we assume that the parallel wave vector k of the waves under study points toward the midplane of the vacuum chamber. Nagoya Type III antennas are especially effective because they generate space charges which give rise to an internal electrostatic field in the plasma. The mechanism has been described by Chen [14] and will be given in more detail here. Consider the classical Nagoya During the half cycle when it is increasing, the rf current will flow in the various parts of the antenna as shown. We may assume that the current magnitude is constant along any leg of the antenna because the free space wavelength at the frequencies of interest is much larger than the antenna length. The current on the horizontal legs will induce an rf magnetic field, which will in turn induce an electromagnetic electric field given by
where the integral is taken along the path shown. This electromagnetic electric field will cause electrons to flow along the dc magnetic field as long as the plasma is a good conductor in the parallel direction. Since the antenna is either periodic or finite in the z direction, the electron motion will set up a space charge on each field line until the electrostatic field of the 8 space charge cancels the induced electromagnetic electric field in the parallel direction, so that the net E z is nearly zero, as required in a good conductor. The space charge distribution also gives rise to a perpendicular electrostatic field, which in this geometry is in the same directon as the electromagnetic electric field, and thus enhances it. The enhancement factor is of order The parameter study consisted of measuring the radial profiles and relative phases of B r , B θ , and B z at port 1, and the radial density profiles at each port. This was repeated for each of three antennas with the magnetic field parallel and antiparallel to k.
IV. EXPERIMENTAL RESULTS
Density Profiles
Plasma density radial profiles were measured at all three radial access flanges. Figure 8 shows that each configuration assigned to excite a particular mode, or mode mix in the case of the Nagoya antenna, gives a distinct radial and axial profile. For instance, the m = +1 mode configurations (R|| and L#) give identical profiles, and the m = -1 configurations (L|| and R#)
give identical ones which are distinct from the m = +1 mode configurations. In addition, the Nagoya antenna gives identical density profiles regardless of the direction of B o relative to k.
The R|| and L# configurations give the best axial sustainment of the discharge and have the highest peak density at port 2, where the gas is fed into the chamber. The Nagoya antenna configurations give equal radial profiles at ports 1 and 2, with a large drop in density from ports 2 to 3. L|| and R# configurations have the worst axial characteristics with a large drop in density from ports 1 to 2 and 2 to 3.
While no real conclusions from these density measurements can be made about the exact mode content (the configurations were set up to attempt excitation of particular modes), it is clear that identical discharges are created, as expected, if both the antenna helicity and the B 0 direction are reversed.
Field Profiles
Figures 9 to 14 give the radial profiles of B r , B θ , and B z , plotted against theoretical curves for the m = +1 and -1 modes. The theoretical wave component profiles were computed from Eq. (5) using a polynomial fit to the measured radial density profile in each case.
Only the absolute values of B j are shown, since the magnetic probes were set up to measure amplitude only, not phase. Zero crossings will be dealt with in the next section. The meassured wave profiles were assumed to be a linear superposition of the m = +1, -1 and 0 modes. To investigate the relative content of each mode, normalized B r , B θ , B z profiles for m = +1, -1, and 0 were calculated for each measured density profile. A re-normalized linear combination of these profiles was then fit to the normalized data. This can be written as
C B r C B r C B r B r z z z z meas
where the C's were solved to make the best fit. The results are shown in Table II . Figures 9-14 and Table II 
Phase Measurements
To verify that the phase of B θ (r) actually changes where its amplitude goes to zero, we (Fig. 15) . We believe that this is an artifact of alignment. In each case, the moveable probe was rotated to measure B z . Near r = 0, however, B θ is much larger than B z , and these probes could have picked up a B θ signal if they were not perfectly aligned. Phase data for the R# configuration does not show evidence for a zero crossing. This is in conflict with the wave amplitude data for this configuration, which show a dip in | B θ | at the proper radius for the m = +1 zero crossing.
Relative phase differences between components whose phases should remain constant with radius for an m = +1 mode (Φ rz , Φ zz , Φ rθ , and Φ θz ) do indeed stay constant for all excitation configurations. Figure 1b shows that B z should also experience a zero crossing for the m = -1 mode, i.e., Φ zz and Φ θz should experience a discontinuity near the edge of the plasma.
This was not experimentally observed.
Identification of the modes so far has been based on the radial profiles of B alone. To 15 check that the mode patterns actually rotate in the right-hand direction when the profiles agree with the m = +1 predictions, we have measured the phase of B θ on two probes spaced 90°a part in azimuth. The results for the six configurations are shown in Table III . The two configurations designed to excite the m = -1 mode--namely, R# and L||--also gave patterns rotating in the right-hand direction, in agreement with the radial profiles. Table II .
We can use two arguments to explain these results. First, examine the parameter α 0 from Eqs. (8) and (13),
which corresponds to the value of α at the r = 0 density maximum. Assuming k is set by the antenna, and that the antenna length corresponds to a half wavelength in the plasma, we can rewrite this as
From this, the expected peak density for each mode can be calculated using the experimentally measured density profiles at port 1:
n 0 (-1) = 3.6 -4.9 × 10 13 cm -3 .
The measured peak density at port 1 ranged from 6.2 -8.8 × 10 18) there is an uncertainty in the value of k, since that was not measured directly. If we allow a 50% decrease in the parallel wavelength, n 0 (+1) and n 0 (-1)
will increase by factors of 2.8 and 1.5, respectively, for a given density profile. A 50% in-crease in the parallel wavelength will decrease n 0 (+1) and n 0 (-1) by factors of 2.0 and 1.2, respectively. Thus, our hypothesis is not affected by variations of this order.
Second, in the wave field patterns of Figs. 2a and 2b, one notices that the m = +1 mode gives a larger area of straight electrostatic field lines for the antenna to couple into as compared to the m = -1 mode pattern. Thus, from the standpoint of antenna coupling, the m = +1 mode again seems easier to excite.
Since the straight N-antenna can couple to either the m = +1 or the m = -1 mode, it is reasonable that it should excite only the mode whose dispersion relation requires a density that is easily achieved with the rf power available. The L antenna, however, has a helicity which
does not match at all that of the +1 mode; yet it manages to couple to it. To understand this,
we note that the half-wavelength antennas which were used necessarily excite a broad spectrum of k-numbers. Consider first the N-antenna. Fig. 18 shows the juxtaposition of two half-wavelength N-antennas to form a full-wavelength antenna. Only the horizontal legs of the antenna are necessary for inducing the electric field and space charge pattern shown for the half-cycle when the antenna current is increasing. The end-rings are needed only for closing the circuit. Fortuitously, the E-field induced by the end-ring currents is in the same direction as the perpendicular space charge field, and therefore the end-rings affect the antenna coupling only in a beneficial sense. Fig. 18 . Two half-wavelength N-antennas phased so as to create a full-wavelength antenna.
This is not true of helical antennas. Fig. 19a shows an ideal full-wavelength helical antenna composed of two half-wavelength helices. The two halves can be joined at the midplane; and since the ring currents there cancel each other, those rings can be omitted altogether, as well as the second current feed. The electric field and space charge distribution shown in Fig. 19a applies only to the field lines at the top and bottom of the cylinder; it is understood that this pattern has helical symmetry. The parallel wavelength is still twice the length of each section. When only one half-wavelength antenna (the one on the left) is used, however, the ring current at the right end is not cancelled, and this current induces an E-field as if there had been another section on the right with opposite polarity to that in Fig. 19a, as shown in Fig. 19b . The E-field and space charge configuration of this combination has a parallel wavelength equal to the length of one of the sections alone, and therefore half the wave- that the reason is that the m = -1 dispersion relation requires higher peak density than was attainable, and that the antenna designs used were less than ideal for exciting pure circularly polarized modes. 
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